A data acquisition system has been designed to capture the vibration signal for the engines. A test has been carried out for the vibration signal acquisition of piston knock and piston pin knock of 5.9L Cummins 6BT diesel engine. The test data has been processed by continuous wavelet transform. The scale-energy spectrum and the 3-dimentinal (3D) energy spectrum plot have been generated. The fault feature of abnormal noise of piston knock and piston pin knock of the engine under various technical condition and operating status has been extracted. The research result shows that, the setup of scale-energy spectrum and 3D energy spectrum plot by applying continuous wavelet transform is an efficient method for multi-source abnormal noise extraction for diesel engines, it can not only differentiate piston knock and piston pin knock visually and efficiently, but also can provide useful information to identity the fault level of them.
Introduction

Background
With the transform of maintenance approaches from reactive to proactive, there are some new concepts which had been brought into design and maintenance area, such as condition based maintenance. These methods and concepts present large challenge for us to improve the technology and process to meet the new requirements, especially in the field of machine condition monitoring and fault diagnostics. In which, the troubleshooting of abnormal noise of the diesel engines is a hard work for both operators and maintainers. How to improve the accurate and speed of fault locating and isolation is an important problem we have to resolve. The abnormal noise of the diesel engine may come from the crank axle and connecting rod bearings, pistons, and piston pin. Among the abnormal noises of a diesel engine, knocks is the most common phenomenon. There are too many causes may result in knocks, such as excessive carbon deposits, scored piston or cylinder, and loose valve set screws [1] .
Current researches and problems
In recent ten years, lots of researches have been carried out for engine fault diagnosis and fault feature extraction by applying wavelet transform and related techniques and methods. E.g., the wavelet packet technique was introduced to deal with the unstable dynamic properties of diesel engines, and the wavelet packet frequency-shifting algorithm was given [2] . An exact wavelet analysis has been designed to enhance the robustness of vibration-based machine fault diagnosis [3] . Discrete wavelet transform technique has been used to decompose the signal into approximations and details for piston cylinder knocking and crank bearing knock [4] , etc.
These researches have been greatly propelled the progress of engine fault monitoring and diagnosis. But the problem of engine mechanical fault diagnosis has not been settled up thoroughly. Up to present, most researches are focused on the problem of a single fault (bearing, piston, piston pin, crankshaft, etc.) identification and diagnosis, how to resolve the diagnosis and identification of multi faults which actually occurred in a diesel engine has not been resolved yet.
Goals of research
The objective of this paper is to develop the technique and method to deal with knock signals from multi components and multi faults of a diesel engine, so as to set up a more precise and feasible method of fault feature extraction and diagnosis for pistons of diesel engine. Basic Theory
Continuous wavelet transform (CWT)
The wavelet transform of a continuous signal with respect to the wavelet function is defined as [5] 
Where, w(a) is weighting function .x(t) is the signal to be transformed, it could be a beating heart, an audio signal, gearbox vibration, a financial index or perhaps even a spatial signal such as a crack profile or land surface heights. 
The relative contribution of signal energy contained at a specific a scale and b location is given by the two-dimensional wavelet energy density function The relative contribution to the total energy contained within the signal at a specific a scale is given by the scale dependent energy distribution
The maximum peak amplitude of energy at a specific scale parameter can be calculated from (6).
The mother wavelet
It is the most important work to search or build an appreciate function which can be used as the mother wave when we charge various complex signals with wavelet transform. Apparently, select an optimism mother wavelet for multi fault feature extraction is not easy. Fortunately, some researchers have carried out many works for us. In the research conclusion from Xi,an Jiaotong University [6] , Morlet wavelet is the best mother wavelet for the feature extraction of shock type machine vibration signals. The vibration signal from a diesel engine is just a shock signal. So it is selected in this paper.
Morlet wavelet is the most common used complex wavelet, which is defined as [5] 
Calculation method
If we have a discrete experimental signal collected, which have been acquired at discrete time intervals from a continuous signal x(t), is of finite length N, then the wavelet transform of it can be calculated by [7] 1 , 0
Where, N is the sample numbers. t  is the sample interval. i t is the sample time,
, 0,1,..., 1.
The relative contribution to the total energy contained within the signal at a specific a scale can be calculated as
In this paper, during the calculation, set 2 j j a  , and 2 , , 0,1,..., 1.
A continuous wavelet transform coefficient matrix can be gained through the changing of dilation parameter a, and N . The result can be expressed by a 3D figure which can be called 3D energy spectrum of the wavelet transform coefficient. In this paper, it will be simply written as 3D energy. It can express the changing of ( , )
T a b and () Ea with the time and the scale parameter a.
Fault Feature Extraction
The design of data acquisition system A data acquisition system has been designed to capture the vibration signal of the engine, as shown in Figure 1 . Table 1 . 
The test data
During the test, the engine is operating in unloaded condition. Five technique statuses have been set for testing, as shown in Table 2 . Four operating speeds, i.e., 800 (Idle speed), 1300 (low speed), 1800 (moderate speed), and 2300 (moderate-high speed) r/min, has been selected for data acquisition.Sampling frequency is 25.6 kHz, and sampling point numbers is 4096. Twenty groups of data under various technique statuses at different operating speed has been acquired.
Scale-energy spectrum analysis
Taking Morlet wavelet as the mother wavelet, applying CWT for each data, the wavelet transform coefficient matrix has been gained. Then equation (9) and (10) can be used to calculate the energy. And the energy spectrum of each speed and each technical status can be drawn up.
And the square of coefs is the energy. The maximum peak amplitude of energy/Scale parameter under each technical status and operating speed from each measuring location are shown in Table 3 . Table 3 , some conclusion can be drawn out:
(1)At the top-left of cylinder block and right of crankshaft main bearing, the range of scale parameter corresponding to the maximum amplitude is concentrated to 4-10.
(2)When the scale parameter is about 4-10, at the top-left of cylinder block and the right of crankshaft main bearing, the maximum amplitude is increasing with the operating speed.
(3)When scale parameter is about 4-10, and the operating speed is 1300 and 2300r/min, at the top-left of cylinder block, the maximum amplitude is increasing with the fault level at a fixed proportionality. And the different of the corresponding maxi-mum amplitude of the two faults is rather large, especially at 1300r/min,. Thus, the characteristics of the maximum amplitude at the top-left of cylinder block is the most significant at 1300 and 2300r/min, which is shown in Figure 2 . According to the analysis above, when the engine is operating at 1300r/min, when the scale parameter is about 4-10, the vibration signal from the top-left of cylinder block can distinguish the piston knock and piston pin knock and its fault level after the Morlet wavelet transform by the maximum peak amplitude of energy.
Apparently, the calculating results can be further processed for other usages. For example, least square method can be applied to draw a clearance-energy plot, see Figure 3 . And the fit clearance between piston and cylinder, the piston pin and pinhole can also be reckoned. In Figure 3 , curve 1 is the fit clearance between piston and cylinder, and curve 2 is the fit clearance between piston pin and pinhole. In practical maintenance actions of diesel engine, the piston knock and piston pin knock is generally distinguished by experiences. When the engine is operating at idle or higher speed, the piston knock is clear. When the engine is operating at idle speed higher, the piston pin knock fault will be clear [8] . That is to say that, the analysis conclusions by scale-power spectrum is consisting with actual maintenance experiences very well.
3D Energy Spectrum Analysis
As discussed above, scale-energy spectrum can be applied to differentiate piston knock and pin knock and the fault levels very well. But there are some disadvantages of this method. For example, the range of the scale characteristics of the two kinds of fault is nearly the same. From Figure 2 , when the energy is less than 0.6411, these two faults can be differentiate by scale-energy spectrum. So, 3D energy spectrum analysis has been carried out to make up the disadvantages. The 3D energy spectrum plots of the engine are shown in Figure 4 and Figure 5 .
In Figure 4 and Figure 5 , the sample position is at 3rd cylinder, external position of cylinder block top-left, the scale parameter is 3-20.
From figures, the wavelet power is increasing with the engine speed and fit clearance, and it seems more apparent when the 3rd cylinder (fault cylinder) is outputting capacity. And the changing of the fit clearance between the piston and cylinder can affect the wavelet power mostly.
(1) When the 3rd and 4th piston are at the top dead center nearby, the wavelet power is increasing with the fit clearance between the piston and cylinder significantly. That means the shock signal (hereby will simply written as shock) of the engine is obvious. With the fit clearance increases, when the engine speed is 1300r/min, the shock is focus on the top dead center of the 1st nearby except the 3rd and 4th piston. But, when the engine speed is 2300r/min, the shock is focusing on the top dead center of the 3rd, 6th, 2nd, and 4thnearby. And, with the operating speed increasing, the shock is more distinct. This is just fit with the operating characteristics of the engine, whose power order is 1-5-3-6-2-4, and when the 3rd and 4th cylinder are at top dead center nearby, the 3rd piston is just at the top dead center nearby, and the shock is increasing with the fit clearance.
(2) When the fit clearance between piston pin and pinhole is smaller (0.10mm), a larger shock will be observed from each cylinder at top dead center position at the speed of 1300r/min. If the speed is changed to 2300r/min, the shock from the 3rd and 6th cylinder is larger when they are at top dead center. When the fit clearance is changing to larger (0.20mm), the shock characteristic is just changed at 1300r/min, and the shock from 1st, 5th and 3rd cylinder is larger at top dead center. From the analysis above, there are obvious differences between the two faults at the 3D energy spectrum plot. The fault characteristic of piston knock is distinct at 1300r/min when the fit clearance between the piston and cylinder is increasing. The fault characteristic of piston pin knock is distinct at 2300r/min when the fit clearance between the pistons pin and pinhole is increasing. 
Conclusions
(1) Both scale-energy spectrum and 3D energy spectrum of Morlet continuous wavelet are suitable to extract fault features from vibration signals of the cylinder block from a Cummins 6BT engine. And 3D energy spectrum is superior to the scale-energy spectrum in differentiating piston knock and piston pin knock as well as their fault levels. If the two methods can be combined together, a more visual, precise, and effective method of fault feature extraction and diagnosis can be obtained. (2) To detect and differentiate the piston knock and piston pin knock efficiently for Cummins 6BT engine, the vibration signal should be sampled in the position of the top left of the cylinder block and the operating speed be about 1300r/min to 2300r/min, and the optimism analysis scale parameter should be about 4-10.
(3) Through follow-up data process, e.g. the clearance-power plot described in this paper can be used to deduce the fit clearance between the cylinder and piston, and the piston pin and pinhole. And it can be used to identify the technical status of the engine, so as to provide decision basis for condition based maintenance.
